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We calculate the particle spectrum of the supersymmetric standard model which
follows from the assumption that the commonly assumed universal form of the soft
supersymmetry{breaking terms is invariant under renormalisation.
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1. Introduction




GeV has been responsible for a
much increased interest in the supersymmetric standard model. It is commonly assumed
that the supersymmetry-breaking terms unify likewise, and so are determined ultimately
by only four parameters: m
0
, A, B and M , which we will dene presently. There have
been many attempts to justify this universal form for the soft breaking in terms of N = 1
supergravity, with or without an underlying string theory. In some scenarios the parame-
ters turn out to be related, so that the soft terms may be characterised by as few as one
or two parameters.
At what scale does unication of the soft breakings take place? In view of their
gravitational origin a rst guess would place this scale at the Planck mass (10
19
GeV); most
analyses, however, assume that soft unication holds, at least to a good approximation,
at the gauge unication scale. In fact, in explicit models the soft unication may occur
at some intermediate scale, but it seems not unreasonable to explore the consequences
of locating it near or at M
P
. One may then expect model{dependent deviations from
universality at M
G
, and the question is whether these deviations will signicantly impact
low energy predictions. This program has been pursued recently in Ref. [1], with the
conclusion that there can indeed be a quite substantial eect on the sparticle spectrum





In a recent paper[2], two of us approached this issue from a dierent point of view.
We asked whether there existed any theories such that universality (in the sense described
above) is a renormalisation group invariant property of the theory. Were the unied




to have this property, then
clearly universality at M
P
would imply universality at M
G
. We found, remarkably, that
renormalisation{invariant universality is a property of a class of softly broken theories
which satisfy one simple relation among the dimensionless coupling constants. Moreover,
the soft breakings are all determined by the gaugino mass, M , and their relationships to
each other bear intriguing similarity to analogous relations in certain string{based the-




The essential results from Ref. [2] are as follows. We start with a supersymmetric
theory whose Lagrangian L
SUSY
























is the Lagrangian for the N = 1 supersymmetric gauge theory, containing the
gauge multiplet fA








g transforming as a (in general reducible) representation R of the gauge group
G. We assume for simplicity that there are no gauge-singlet elds and that G is simple.
(The generalisation to a semi-simple group is trivial.)











































































































are the structure constants of G.
If we impose Eq. (2.3), then the following relations among the soft breakings are





































The fact that these relations are preserved under renormalisation subject only to the simple
constraint of Eq. (2.3) requires a miraculous sequence of cancellations among contributions
from the various {functions; for a discussion, see Ref. [2].
In the usual supersymmetric standard model notation, Eq. (2:6) corresponds to a
universal scalar massm
0
and universal A and B parameters related (to lowest order in g
2
)













Remarkably, relations of this form can arise in eective supergravity theories moti-
vated by superstring theory, where supersymmetry breaking is assumed to occur purely
via vacuum expectation values for dilaton and moduli elds [3] [4]. Ignoring string loop




, where S is the dilaton





































where Eqs. (2.9) and (2.10) apply according to whether the {term is generated by an
explicit {term in the supergravity superpotential, or by a special term in the Kahler
potential.
Here C is related to the vacuum expectation value of the scalar potential and a
vanishing cosmological constant corresponds to C = 1.  is called the goldstino mixing
angle, and the values  = 0 and  = =2 correspond to modulus{dominated and dilaton{
dominated cases respectively. It is easy to see that with C = 1, Eqs. (2:8a) and (2:8b)
reproduce Eqs. (2:7a) and (2:7b), and for  = 4=3, Eq. (2.9) gives Eq. (2:7c).
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Another particular case that has been subject to some phenomenological investigation
[5] [6] is that of C = 1 and  = =2 in Eq. (2.10). We will refer to this case as the DD
(dilaton{dominated) scenario. It again corresponds to Eq. (2:7) except that now B =
2M=
p
3. We shall see that this dierence has considerable impact. The similarity between
the conditions on the soft-breaking terms which arise from our universality hypothesis and
those that emerge from string theory is certainly intriguing.
Our philosophy now is as follows. We assume that the supersymmetric standard
model is valid below gauge unication, and that the unied theory satises Eq. (2.3). We
then proceed to impose Eq. (2:7a  c) as boundary conditions at the gauge unication
scale. These boundary conditions are so restrictive that it is not a priori obvious that a
phenomenologically viable solution will exist.
3. The supersymmetric standard model




















where we neglect Yukawa couplings except for those of the third generation.
The Lagrangian for the supersymmetric standard model is dened by the superpoten-











































































































and the sum over i for the m
2
terms is a sum over the three generations.
The running coupling and mass analysis of the above theory has been performed many













































where Eq. (3:4a) includes the squarks and sleptons of all three generations. Notice that













j > 0 (3:5)
for any 
s
. We require this (at M
G
) to keep the potential bounded from below, in other





breaking does not occur with characteristic scale M
G
. (See











With Eq. (2.10) and a value of the goldstino angle  other than

2





) indeed gave  > 0.)








and tan at M
Z
, and cal-
culate the unication scale M
G





the dimensionless couplings. Then we input the gaugino mass M at M
G
, and run the





) down to M
Z







as usual at M
Z






back up to M
G










). By plotting B
0
against the input value of tan we can then
determine whether (for a given inputM) there exists a value of tan such that Eq. (3:4d)
is satised. Given a set M; tan  satisfying our boundary conditions we can calculate the
sparticle spectrum in the usual way and plot the resulting masses against M . See the
appendix for some comments about the {functions and mass matrices.
At this stage we are chiey interested in demonstrating that phenomenologically vi-
able solutions are possible with our highly restricted boundary conditions. Consequently
we ignore threshold corrections to the mass predictions (for a recent discussion of threshold
6
corrections see, for example, Ref. [7]). Nor do we address here the recent concerns [7][8] re-





) and the value required for gauge unication (note that the solution proposed
in Ref. [8], to wit non{unied gaugino masses, is not available to us).
We do, however, incorporate the one{loop corrections into the minimisation of the
Higgs potential.yIn general we have done this by solving the Higgs tadpole equations, but
we also checked our results by numerically minimising the Higgs potential in some cases.
(Our results for the Higgs tadpoles agree with Ref. [10], apart from one or two minor typos.)
We also do include one loop corrections to the mass (m
h
) of the lighter CP{even Higgs
boson, since, as is well known, the radiative corrections are important in this case[11].




are based on the appropriate second derivative
of the one{loop corrected eective potential evaluated with the scale  set equal to the
gaugino mass M . While this is crude compared to existing calculations, it incorporates
the most important logarithmic eects. Our results for other masses are based on the tree
mass matrices but again with all running parameters evaluated at the scale M .
Since the two{loop corrections to the {functions are now available [12]{[15], we in-
corporate these. In general their eect is very small, being most noticeable in the Higgs
sector; although the mass of the lightest Higgs is essentially unchanged, the other Higgs
masses are increased by up to 10% by the two loop corrections. Of course for precise
predictions, we should also include threshold corrections, as indicated above.






















) = 170! 200 GeV:
(3:7)




) depends itself on the sparticle spectrum in general, as




) does not, however, aect the qualitative nature
of our results.
4. Discussion of the results: m
t
= 175 GeV




) = 173 GeV which corresponds
to a pole mass m
t
 175 GeV.
y The necessity for doing this was rst pointed out in Ref. [9]
7
Fig. (1) plots B
0
against tan  for M = 200 GeV and a pole top mass of 175 GeV.














B’ vs tan beta
Fig.1: The B
0
-parameter vs. tan for input gaugino mass M =
200 GeV and m
t
= 175 GeV. The solid and dashed lines correspond
to 
s
> 0 and 
s
< 0 respectively. The required value of B
0
is obtained
for tan  18.





, we might expect (with our conventions) to nd a solution
with 
s
< 0 rather than 
s
> 0. (This is because for a tree minimum at the weak scale
we necessarily would have m
2
3
> 0.) We see, in fact, that with 
s
< 0 we do indeed get
B
0





is not possible for any tan. Surprisingly,
the situation is better with 
s
> 0, and we have the desired result for tan  18. For the






, notice that the solution (had it existed)
would have been for 
s
> 0 and in the small tan region. This solution is vulnerable to
the existence of the well{known Landau pole in the top mass Yukawa, at m
t
 195 sin.
Thus Fig. (1) is consistent with the conclusions of Ref. [6], which quotes an upper limit
on m
t




means that the strict DD scenario is ruled out by the recent measurements of m
t
[17],
though of course the general string{based framework for the origin of the soft terms, in
which B
0
is a free parameter, is not compromised.
In Fig. (2) we plot tan against the input gaugino mass,M , having satised Eq. (3:4d).








)  2:4M , but note that,



















tan beta vs input gaugino mass
Fig. 2: tan vs. M for m
t
= 175 GeV.
As already mentioned, we nd comparatively large values of tan , except for smallM .
As is well known, successful bottom{tau Yukawa unication favours a large top Yukawa
coupling [18] [19], and so we do not obtain it within our approach, at least within our




), which is in turn aected
by radiative corrections (especially that involving the gluino) which will not be negligible
for tan  18. At rst sight, however, these corrections take us further from b{ unica-
tion. This point deserves further investigation, but we are in any case not too concerned,
however, since b{ unication is a model dependent phenomenon.
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Fig. (3) plots the Higgs masses against the gaugino mass.*






















Higgs masses vs input gaugino mass
Fig.3: The Higgs masses vs. M for m
t
= 175 GeV. The solid and
dashed lines correspond to the approximately degenerate CP -odd neutral
and charged Higgses respectively. The dotted line is m
H
and the dot{
dashed line is m
h
.







cos 2j. Our result for m
h
is dependent only weakly on the input
gaugino mass, with m
h
 115 GeV. This is consistent with the generally accepted bound
m
h
 135 GeV (or m
h
 146 GeV in more general models[20]).
For M = 150 GeV we have M
h;H
= 116; 257 GeV and m
A;H
 = 246; 259 GeV. It
is interesting to compare these results with those obtained if one{loop {functions are
used throughout, which are M
h;H
= 116; 242 GeV and m
A;H





are O(10%). The masses of the sparticles are in general less aected
* In Fig. 3 (and Figs. 4, 5) tan changes with the gaugino mass in accordance with Fig. 2.
10
by using two{loop rather than one{loop {functions; typically a sparticle mass changes by
5% or so.
Fig. (4) plots the neutralino masses against the gaugino mass.

























neutralino masses vs input gaugino mass
Fig.4: The neutralino masses vs. M for m
t
= 175 GeV. The solid and
dashed lines correspond to the Higgsino{dominated neutralinos, and the
dotted and dot{dashed lines to the gaugino{dominated neutralinos.
Except for small gaugino masses, the lightest neutralino is the lightest superpartner.




 55 GeV which is potentially interesting as
cold dark matter. Of course the precise  relic density is controlled by the  annihilation
cross{section, so we need to investigate this to test this hypothesis. (For a review of particle
physics dark matter candidates, see, for example, Ref.[21]).
11
Fig. (5) plots the {slepton masses against the gaugino mass.






























stau and stauneutrino masses vs input gaugino mass
Fig.5: The  -slepton masses vs. M for m
t
= 175 GeV. The solid and
dashed lines correspond to ~
1;2
and the dotted line is the ~

. At M =
150 GeV we have M
~
1;2
 156; 80 GeV.
It will be apparent that the plots presented thus far exhibit linear behaviour for a wide
range of input gaugino masses. Rather than give more gures, we therefore summarise our
results in Table 1, which gives a good approximation (within a few GeV) for 100 GeV <
M < 500 GeV.
With m
t
= 185 GeV, the dependence of B
0
on tan and the resulting sparticle
spectrum are very similar. For m
t
 190 GeV, there is a change, which we discuss in the
next section; but we give results for m
t




m = aM + b a b a b a b
m
h
0.048 108 0.059 108 0.070 106
m
H
1.613 15 1.800 7 1.870 5
m
A
































































































1.963 20 1.992 28 2.009 30
Table 1: Linear approximations of the form m = aM + b to the mass
spectrum for m
t
= 175 GeV, m
t




We will not perform a detailed analysis of our predictions vis-a-vis current exper-
imental limits; in more general cases many treatments exist (for a recent example, see
Ref. [22])
It is clear enough that these will impose a lower bound onM of around 100 GeV, and
that for say, M  150 GeV we have acceptable phenomenology, with a stable neutralino
at 55GeV, a  -slepton at 80GeV, and the light Higgs at 115 GeV.
5. The large m
t
region
For large top masses (in the regionm
t
 190 GeV) the nature of the solutions we nd





on tan  ceases to be monotonic and that for a given input gaugino mass





. This behaviour is shown
in Fig. 6, for M = 150 GeV.










B’ vs tan beta
Fig.6: The B
0
-parameter vs. tan for input gaugino mass M =
200 GeV and m
t
= 190 GeV. The solid and dashed lines correspond
to 
s




In fact, however, the existence of the two solutions at tan  3:6 and 4:0 depends
on our use of the two{loop {functions for the dimensionless couplings; if we use the
corresponding one loop ones they do not exist because of the Landau pole in the top
Yukawa coupling. They are therefore unreliable, and we ignore them. For the solution at
tan  8, the spectrum is similar to that described in the last section, and is shown in
Table 1, in the previous section. For m
t
> 195 GeV we are unable to satisfy Eq. (2:7c)
and retain perturbative unication.
6. Conclusions





leave a viable and well determined supersymmetric phenomenology. The main
new feature of the resulting spectrum is the determination (for given input gaugino mass
M) of tan . Although this occurs also in theDD approach, the results for the two cases are
readily distinguished. Since (given m
t
) the mass spectrum depends on a single parameter,
M , it is clear that the discovery of supersymmetric particles would swiftly decide whether
our marriage of universality with the minimal supersymmetric standard model corresponds
to reality.
It would obviously be nice if we could construct a unied theory that satised the
universality hypothesis as encapsulated in Eq. (2.3). In this connection, it is worth ob-
serving that Eq. (2.3) permits gauge groups with U
1
factors (in contrast to the nite case,
P = Q = 0). Then the conditions Eq. (2:6) still suce for a universal theory as long as










which is the condition that the theory be free of gravitational anomalies [23]. In the light of







{ see for example Ref [24]) might
be worth a try, though the direct product nature of this case may also pose problems.
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Appendix A. The beta{functions and mass matrices
In this appendix we make a few comments about the {functions and sparticle mass
matrices for the supersymmetric standard model, as dened in Eq. (3.2).
The one{loop {functions and the mass matrices appear in many papers, and the
two{loop -functions are readily deduced from the results of Ref. [13] (or somewhat less
readily from those of Ref [12] and [14]). These {functions are calculated in a \hybrid"
regularisation scheme, intermediate, in a sense, between dimensional regularisation and
dimensional reduction. The raison d'e^tre of the scheme is to remove annoying dependence
on {scalar masses. The nature of the scheme must be taken into account in the calculation
of threshold corrections, as explained in Ref [15].
Although, as stated above, the one{loop results have been often reproduced, we feel
it worthwhile emphasising the following point. There are various possible conventions for
signs, in particular of 
s
and M , and it is important, of course, that the choices made in
the {functions are consistent with those made in the mass matrices. We have veried all























































































Eq. (A.1) follows from the renormalisation group equation for the eective potential.


















the one{loop anomalous dimensions for the background scalar elds H
1;2
in the (quantum












































identical to the corresponding anomalous dimensions for the chiral superelds, in a super-
symmetric gauge. For completeness, we note that the corresponding anomalous dimensions











































diering only in the sign of the gauge parameter term.
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